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We review the currentstatusof the nuclearreactionratesneededo studynucleosythesisin massve stars.Results
for the calculatechucleosytthesisof all stablespeciedrom Hydrogento Bismuthin a completelyevolved 25 M, star
of initial solarmetallicitywill bepresentedSpecialemphasisvill bepaidto two particularreactions!?C(a, v)'¢0 and
22Ne(a, n)?Mg, andtheir effect on the structureof the starandresultaninucleosythesis.Both have beenmeasured
mary times, but the presentangeof experimentaluncertaintytranslatesnto remarkablesensitvity of the calculated

nucleosythesis.
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I. Introduction

Secondonly in scientificinterestto the origin of the uni-
verseitself is theorigin of thechemicalelemems therein. The
neartermgoal of nuclearorigins,or nuclesynthesisseekso
develop a completeuncerstandingof the origin of every iso-
topein naturein termsof their nuclearpropertiesandastro-
physical siteswherethey wereassembledOnceknown, this
uncerstandingcanalso be employed to calculatethe chemi-
cal history, not only of the elementsn our own sunandthe
Galaxy butin olderstars future stars,andin distantgalaxdes.

Simulatingnucleosythesisin starspresentseveral prob-
lemsfor nuclearphysicsthatarepecdiar to the stellarenvi-
ronment. For mary specief interest,theimporntantnuclear
flows move throudh target or product nuclei(sometims both)
that are frequently radioative. Subseqantly, mary impor
tantreactioncrosssectionsaarenotamenale to measurment.
Further neutran resonaneanalysiscanoftenonly bedore on
commundnuclearstatesoneneuron removed from stability,
andthusimportant quariities derived from suchan analysis
(average level spacingsneutra strengthfunctions, etc.) are
not availablefor input to reactionmodelson unstalte nudei.
The potentialfor Rarelsotope Acceleratordo addesssome
of the more critical reactionsis tantalizing,but dueto shear
numkers alone mostof our nuclearcrosssectionneed for
nuclesynthesiwill necessarilypederived from theoy.

Another complicatian is that the targets exist in a ther
mal distribution of excited states. Labordory measuremats
(whereavailable) canrot be directly appliedto reactionnet-
works. Further reactionson long-lived or highly populated
isomericstatesare not includedin stellar reactionnetworks
usedto calculatenudeosynthesisn massie stars(26 Al being
thenotableexceptia).

Finally, therearea lot of nucleifor which nuclearreaction
rate information is neead, rouchly 4600bourd nuclei exist
from hydrogen to lead. Consideriig only binaryreactiors in-
volving nuclems, alpha-@rticles,and photas, alongwith a
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potentialground stateweakinteractian (3, 8T, or electron
capture)thistranslatesnto appoximately32,@00 nuclea re-
actions(plus their inverses)if oneconsiarsall possiblenu-
clearburning scenarios.In addition, a needfor weakinter-
actionratesat extremevalues of temperatte anddensityex-
periencedn thelatetime evolution of massie starsincreases
thesenucleardatarequirenents. Clearly, the developmert of
reactionrate databasesto study nudeosynthesisn massie
starsis a hugeundertaking drawing from the bestelemers
of expaiment,theory andevaluation. Thatsuchefforts have
only beenmadethreetimesin the last 25 yearsshoud come
asnosurprise®

This contritution will describahecurrent statusof nuclear
reactionrateinformationrequred to studynucleosythesisn
massie stars. Exanplesof nucleosythesisin a 25 M, star
of initial solar metallicity is givenin §ll. The required data
will bebrokeninto categyoriesdepenihg onreactiontypeand
rangeof target nuclei,andtheirimpactonthenuclesynthesis
will bediscussed§lll.) Sensitvity to key reactionrateswill
be presentedor two specificcases(§lll.2 andl1l1.3). Weak
ratesaretreatedn §IV.

II.  Nucleosynthesisin Massive Stars

Nucleosyithesisin starshasbeenreviewedmary times 5
To setthe stagewe presehin Table 1 the nuclear burning
stagesexpeiencedby massie stars(M > 11 My). Showvn
arethemajorhydrostatidourning phasegH, He, C, Ne, O, and
Si burning), their prindple product(s), mostimportant sec-
onday products, andthe appoximatetemperatee and life-
timesduringwhich a given fuel is burned Thegenerakrends
areevident: anatundant “fuel” burrs, liberatingenegy which
senes to suppat the star agairst gravitational contractia.
Eventuwally the fuel is exhausted,the star contiacts,the core
heatsup, andthe “ash” of the previous burning stagesenes
asthe “fuel” for the next one. A shell of materialadjacent
to the new burning core contiruesto burn by the samereac-
tion mechamsmsasin theprevious coreburning scenarioand
the stardevelopsan "onion-like” structure. To burn heavier
fuelsthe temperatte mustincreaseo surmaunt the increas-



ing coulonb chage barriers,andthe lifetime for exhausting
agivenfuel decrasesowing to: a) thevery hightempeature
depewlenceof thereactionratesgoverningtheenepy release,
andb) the ever mountirg neutriro lossegwhich dominatebe-

yond heliumburning).

Table1 AdvancedNuclearBurning Stages

Fuel Main Secondary Temp T
Product  Products 10°K yr
H He MN 0.03 107
He Cc,0 180.2Ne, 0.2 10°
s—process
C Ne,Mg Na 0.8 10?
Ne O,Mg AlLP 1.5 ~1071
@] Si,S ClLAr, 2.0 ~ 2
K,Ca
Si  Fe-group Ti,V,Cr, 3.3 ~1072
Mn,Co,Ni

Following coressilicon-kurning, the core collapsesand if
a neutran star forms at the starscenter(likely for starsless
than30 M), a Type Il supenova explosion canoccur |g-
noring the hydrodynamic and neutrinetranspet issues,the
outgdng shockwave heatsthe overlying shellsof previously
synthesizectlemets, and explosive nuclesynthesiscan al-
terthe compsition of certainspecies Additional nuclesyn-
theticprocessescantake place,including thev—process®) the
p—process?) andpossiblyther—process) Foracompehen-
sive surwey of massve starevolutionandnuclesynthesissee
Woosle & Weaver®) Galacticchemicalevolution is explored
in Timmes,Woosley, & Weaver.19)

The final nuclesynthesigincludng massloss) of a fully
evolved solar metallicity 25 M, stat? is presentedn Fig-
ure 1. Thereactionnetwork includedall necessarysotopes
throgh mass210andusedreactionratescurrentasof 2001.
Shown is the “productionfactor” vs. massnumnber Isotopes
of a given eleme arecomectedby solid lines. The dashed
line is centeredon 160, with the dottedlines represeting a
“successbard” of +0.3 dex. With rare exception, all iso-
topesfrom oxygenthroudh nickel are co-pralucedin solar
proportions with a production factorof ~ 15 (in this figure,
the initial compsition of the sunwould be a set of points
all lying on “1”; a production factor of 15 meansthat the
sunscompgementof metalscoud be understoodf 1/150f its
masspassedhroudh condtions lik e thoseexperiencedn this
25M,, star). Ther—, s—, andp—processisotopesare also
well produced (perhapsa little over-produced)from nickel
to abou A=88. In a 15 M, star!? the s—processyield is
less.Theyieldsof thesé'trans-irm” elementss alsosensitve
to a still poolly deternined reactionratefor 22Ne(a, n)2°Mg
(seetlll .3). Above mass90, nudeosynthesisn massve stars
is mostly restrictedto the p— process, althowgh a poteriial
r—procesgortributionfrom av-driven wind® is notincluded
here.
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Fig. 1 Decayed post-eplosive production factorsfor a 25M,, star
of initial solarmetallicity.

We now descrile the important nudear physics ingredi-
entsneeckd to calculatestellar nuclesynthesisas displayed
in Figure 1. Thediscussiorbreaksicelyinto two distinctre-
gions:reactiors ontargds lighterthansilicon (where mary of
thekey crosssectionshave beenmeasured)andreactionson
heavier targds (whete the commuiity mustrely on statistical
theory).

Strong and Electromagnetic Reaction Rates

1. Critical Reactionsfor Energy Generation

Along with the 3« reactionrate, the heary ion reactiors
12C+12C, 12C+160, and8O+80 arethe mostimportart re-
actionsfor enegy generatio during hydrostatichelium car
bon,andoxygenburning. As suchthesereactiors playamajor
rolein deternining stellarstructure andthe production of all
stableself-conjate(Z=N) nucleiwhich constitutethe most
alundant speciedound in natue after hydrogenandhelium
(formedin the Big Bang). The curren soure for thesereac-
tion ratesis Caughlan& Fowler,'® althowgh the 3o reaction
rate hasrecentlybeenre-evaluated? (little charge resulted
overthetemper&urerangeatwhichheliumburningopeates).
Theseare probadly adegatewith the possibleexcegion of
12C+12C andits electronscreeningate.



2. 2C(a,v)'%0

Possiblythemostimportantnuclearburning scenariasfar
asnucleosythesisis concenedis heliumburning beingthe
only enegy geneation scenarioin which two reactions 3«
and!2C(a, )0, competeon sonearlyanequalbasisin the
consunption of a major fuel. It is herethat a star hasthe
ability to charge its neutra excessand producenuclei that
have moreneutonsthanprotans. In combirationwith 3a, the
12C(a, ) ratedeterninestheratio of carbonto oxygenatthe
endof coreheliumburning, with dranmatic consegencedor
stellarstructue, ultimatelyaffectingthe sizeandcomposition
of theiron core thepossiblenatureof acompactremnan, and
also the future of all subsequenphasesf nuclearburning.
Shawvnin Figure 2 arethevariatiors in coremasssizefor the
adwarcedburning stagesn a 25 M, starof solarmetallicity
asafunction of amultiplier onthe 12C(q, )16 O reactionrate
of Buchmam.®

Althoughconsideedto bethemostimportari reactiorrate,
its expeiimentalvalue over the tempeaturerang of interest
(300 keV) is inadeguatelyknown. Determiration of an ac-
curaterateis experimentallychallengng becauseét proceels
throwgh two sub-thresholdresonanes whosecritical alpha-
widths must be determired indirectly.*>1") The rateis di-
vided into threeparts,a) the electricdipole part proceethg
throughthe 1~ resonane,b) theelectricquadrapde partpro-
ceedingthrowgh the 2+ resonace,andevelything else. The
total rate is often expressedn termsof the S-factorat 300
keV, andthe currentuncertaities placeits valuein therange
of 100to 200 keV barrs (but with a preferace for 150 to
170keV b with atempeaturedepemnlencesimilar to thatde-
scribedby Buchnmannt®). Thisuncetaintyis farto largefor a
rateof thisimpartance.Basedon nucleosynthesisrguments,
atotal S-factorof 170 + 20 keV b co-produesnearlyall sta-
ble speciesetweeroxygenandcalcium® Uncetain stellar
physics(semi-corection andmassloss),alsoaffectstheto-
tal carbonandoxygencontentin stars but the currentnuclear
physicsuncertaitty is in utmostneedof diminishnent. Fur
therexperimentaleffort is highly encouaged.

3. Neutron Sourcesand Sinks

Seconday to enegy gereration,but no lessimportar to
nuclesynthesisarethe reactionshat operae during helium
burning to contiol the neutran budget. They directly af-
fect the productionof mary speciesmostimportantly those
above the iron group madevia the s—process. In massie
starsthe22Ne(a, n)2°Mg reaction,(in closecompdition with
22Ne(a, v)?Mg), provide the neutrmsrequred to synthesize
stablespecieswith 60 < A < 88, or the so-called“weak-
compnent” of the s—process!® The 22Ne is producedby
two alphacapturs on N procucedin the hydrogenburn-
ing CNO cycle. Thesereactionsopaate precominarily dur
ing coreheliumburning, althoughthey alsoopeate (supple-
menteddy 26Mg(a, n)2°Si) atlatertimesin shellheliumburn-
ing. Thebulk of the s—processnuclei(with A > 88) aresyn-
thesizedduring shellheliumburning in low massAGB stars,
wherethe principle neuton sourcereactionis 1*C(a, n)'60.

The statusof both 22Ne alphacapturereactiors is highly
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Fig. 2 Helium (squares carboroxygen (diamondy, neon-oxygen
(triangle$, silicon (crosses and “iron” (asterisky core
massessa function of a multiplier onthe'2C(a, v)*¢O re-
actionrateof Buchmanrt>

uncertainowing to the large experimentaldifficulty in deter

mining the strengthof the 633keV resorancein the 22Ne+a
channé? Variows choices for the paranetersof this reso-
nancegive quite differert strengthdor the neutro exposure
in the s—process,thowgh none so powerful asto move the
s—proesspeakmuchabove A=90. Recenistudies?) suggest
a diminishedrole for this reactionrate to a level no higher
thanthe “lowerbound” recomnendedby Kappeler?® Fig-
ure 3shawvsthesensitvity of thenucleosythesisto variatiors

in the 22Ne(a, n)?°Mg rate that arise using the samestellar
modelthatproducedtheresultsof Figure 1.

Thecurrentsource®of theseandotherimportari (a, n) and
(o, 7) reactionontargetslighterthanSi aredravn from mary
experimental efforts ¥ Compilatims do exist,*3'* but the
current uncetainties warrantfurther experiment, especially
for thereactiongnvolving 120 and?2Ne.

In additionto theneutronsourcereactiors, neuton capture
reactionson all targetsheavier than sodiumare requred to
predictthe s—processabundancesn low andhigh massstars.
Fortundely, thereactionratesituationhereis well in hand,in
thatnearlyall of theimportan crosssectionsaremeasuedin
thetemperatte rangeof interest(~ 25 — 100 keV). Variows
compilatiors areavailable 22 Therearehowever mary impor-
tant(n, ) reactiors on unstabletamgetsthataffect s—process
brancling which mustbe calculatedy theory®)

Finally, thenuclets ¢°Fe,a poterial candidatdor gamna-
line detectionjs alsomade duting heliumburning in massie
stars.lts synthesigs currerly depeédenton theoktical cross
sections® RIA measuremntsthat provide eithercrosssec-
tion or level densityinformation pertainirg to the (n, ) rates
on %960 Fewould be mostwelcome.

4. Charged-particle Reactionson Z< 14
Reactionsnvolving protans[(p, v), («, p), (p, a)] andnu-

clei lighter than silicon are also important, especiallythose

that are involved in the enegy geneation cycles that oper
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Fig. 3 Sensitvity of the production factors for different
2Ne(, n)*>Mg ratesin a 25 Mg star  The first three
panelsgive the resultsfor the lower limit, recommendd
value, and uppe limit of Jager etal?? The bottom panel
usestheevaluatedreactionratesetfrom NACRE*? with their
uppe limit for the22Ne(q, n)?* Mg rate.

ate during hydrogenburning (PPI, PPII, and PPIII in low
massstars®?) the CNO cycle and its bi-cycles in massie
stars). Suchreactionsdetermire the syntheis of the impor
tant speciest®C, 415N, 17:180Q, 2INe, 22Na, andespecially
26l (obsered via y—line decay) Of theselow-massstars
make mostof the 13C, N, andsomeof the 23Na (throwgh
incompete CNO processingandthe Ne-Nacycle). It is esti-
mated?® thatmassie starsproduceaboutonefifth of the 14N
in thesun. Theproductionof 15N is relegatedto novae. Con-
troversycurrently exists on hov muchof the obseved2 M
of 26 Al presenin the Galaxy?? is attributedto eithermassie
stars?>2%) or novae?”) althowgh massve starscan easily ac-
court for all of it.2® Until recen revisionsto the key reaction
ratesaffecting 17O synthesig®) massie starswerethoudt to
be ableto producethe solaratundancel®) Shouldthesenew
measuremntsbe confirmed, prodiction of 7O mayberele-
gatedto low massstarsor novae.?®) Protoncapturereactions
ontametswith N < Z arealsocrucid for breakout of the
hot-CNOcyclein x-ray bursts.

Sourcesfor thesereactionrates are varied 31430 Al-
thoudh the reactiors involving enegy geneation are ade-
guatelydetermired,further experimentis needed

5. Charged-particle Reactionson Z > 14

The nuclesynthesisof nealy all speciesfrom silicon to
theiron group areproducedin thelatter stagef stellarburn-
ing in massve stars.Many aremadein eitherpartial or com-
pletenuclea statisticalequilibrium, 32 wheretheabsoluteval-
uesof individual reactionratesare not as importart as Q-
valuesand partition functions?® But for the p—processnu-
clei (Figure 1), accurateatesarerequred to predct the nu-
cleosynthsis of theserarespecies.

Current nuclesynthesiscalculationsrely heavily on the-
oreticalmodel calculationsfor nearlyall of thesecrosssec-
tions® This is troubling for somecritical (a, ), (a, p), and
(p, ) reactionon self-cojugatenuclei,which aredifficult to
measurdandpredct) dueto supprasionof the photontrans-
missionfunction dueto uncetain isospinmixing.3®) Further
problems exist dueto the useof a poaly known global opti-
cal mockl a-particlepotential. This areais in desperat@eed
of expelimentalwork thateithermeasuesthe mostimportant
crosssectionsor derivesimportant structuredatafor usein
calibratingthe HauserFeshlach reactionmockls, especially
for targes with A > 60.

V. Weak Interaction Rates

1. Ground State Weak Rates

Priorto carba-buming, theuseof ground statedecayrates
calculatedrom measuedlaboratey half-lives andbrarching
ratios are adequate (in mostinstances)o predid stellar nu-
cleosynthsis, including the s—process.Thesearethe default
sourceof weakreactiondatafor all speciesn modernreaction
networks 34 andarecurrerily the only sourceof databeyond
A ~ 60.

Of particularinterestare the weak decayratesthat affect
the productionof gamna-line speciesparticdarly 22Na (2.6
yr), 26Al (7.5 x 10° yr), 44Ti (60 yr), %-7Ni (6.1d, 1.59),
56,57.60Co (771 d, 271d, 5.27yr), and%°Fe (1.5 x 105 yr).
Of these*® Al hasbeenobsered in the Galatic planeandin
individual supernwa remnarts.?® The shorterlived *4Ti has
beenobseredin CasA* andthe Ti, Ni, andCo isotopesin
SN 1987A.2% Both22NaandS®Feareprinciple candichtesfor
detectiornby theupcaming INTEGRAL mission.Thelifetime
for 44Ti to decayto 4 Cahasbeena subjectof muchexper
imentaluncetainty over the lastthirty years,with a half-life
that hassteadilyincreasedrom 45 to 70 yr. The mostre-
centmeasuremants seemto be corverging on the presently
acceptedzalue of 60yr.3%

2. Temperature Dependent Weak Rates

For the extreme condtions encounteredin stellarcollapse,
temperatte and density depenént weak rates’®3") are re-
quired Theseplay a centralrole in deternining the nucle-
osynthesiof mary impartanty—line specieq®%-57Ni, 44Ti),
the stellar structureafter oxygen burning, the electrax mole
numter (Ye), andin determirng the requsite conditiors for
an r—procesgo occu in the v—wind of Typell superova
cores.

Someimpoartant changsin the stellar modelsare dueto
recentlyrevisedweakrates3”) thelargestchangedecaneap-



parer duting coresilicon burning andthereafte Typically,
they leadto anincreaseof the centralY, (the electronmole
numter, or numter of electrors per barya) at the onsetof
corecollapseby 2 to 3 % andthis differencetendsto increase
with increasingstellar mass®® Perhapsmore important for
the explosion mechanisnof core collapsesuperngaeis an
increaseof thedensityin themassrangeof m = 1.5 M, to 2
M¢ by 30 — 50 % relative to the samemodelscompuedwith
the previous setof weakrates?) This may significantlyaffect
the dynamicsof the corecollapse.The evolution of the cen-
tral Y, thenetweakflow, andtheir sensitvity to the choice of
weakreactionratesis presetedin Figure4 for a1l5M gstar

3. Neutrino Loss Rates

Neutrinolossesarea critical aspeciof stellarevolution in
massie starsbeginning with carba burning The dominant
lossesbefore silicon burning are due to thermal processes
(chiefly pair-amihilation), which provide a lossterm that is
veryroughly proportioral to T? in therange of interestfor ad-
vancel burning stages’® This temperatte sensitvity, com-
binedwith the needto burn heavier fuels at highertempera-
turesto surmaunttheincreasig chage bariers,is whatleads
to therapiddecreaein lifetime to burn a given fuel reflected
in Figure 1, with obvious conseqancedor nuclesynthesis.
Thetheoy is well developed*®

4. Neutrino-interaction Ratesand Branching Ratios

Following Typell corecollapseanascenteutra starlib-
eratests gravitational binding enegy (~ 3 x 1053 erg) overa
Kelvin-Helmholtzcontractiontime scale(~ 10 s)via neurino
emission providing for the passagef a huge flux of neutri-
nosthrouch the overlying shellsof matter This cancausean
interestingtransmuiation of several rareelemetts by exciting
alundant speciesto particle unbaind levels through neutal
current neutino scattering® Basedon an extensie grid of
superova model$) anda suney of galacticchemicé evolu-
tion,19 themostaffectedspeciesare’Li, ''B, and'?F. Several
other species('®N, 26Al, andthe rarestnatually occuring
elements'3®La and '8°Ta) shav modest enhancment over
their prodiction via more conventioral nudeosyntheticpro-
cessesNeutralandchaged currentneutriro interactioncross
sectionsandbrarchingratiosarecalculatedrom theory 841

V. Concluson

Thefield of nuclesynthesidhiascomealongway sincethe
seminalpapersof 1957,% but certainkey nuclea quantities
still have unaccetablylargeuncetainties.Chiefamorg them
arethe reactionratesfor 12C(a, v)160 and?2Ne(a, n)**Mg.
Much expaimentalwork hasbeendoneto improve the sit-
uation31439 put muchmore remainsto be dore. A major
challeng will beto reducethe previously acceptale “f actor
of two” accurayg ascribedo reactionratesderived from nu-
clearmockling>® Suchgods areworthyin light of thewealth
of new andhighly accur#e obsevationaldatafrom a variety
of astroplysicalsystems.
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Fig. 4 Evolution of Y, andthe netweakflow in the centerof a 15
Mg starfollowedfrom centraloxygen depletiontill theonset
of core collapse. Five choicesof weak interactionrate sets
areused,FFN®® (the previous standard)andthreesetsfrom
Langanle & Martinez-Pinedd” LMP is the recommened
set,the-b0 and-b2 linesindicateratesetsthatmultiplied the
recommende beta-decayatesby zeroandtwo respectiely.
Thelastsimulation(WW295)is theresultfrom a previousstel-
lar modeP thatusedFFNrates.
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